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CHARACTERISTICS OF SKIMMING FLOW OVER STEPPED SPILLWAYSA 
Discussion by Hubert CHANSONb 
 
The discusser wishes to congratulate the authors for their authoritative paper. He believes that the work is a necessary 
addition to the topic of stepped spillway flow.  
The paper presents a true systematic study of skimming flow. Important outcomes include a characterisation of free-
surface aeration and flow measurements in a large-size facility. Up to date, too little attention has been paid to the scale 
effects in stepped spillway studies. Although open channel flows are commonly modelled with a Froude similitude, 
similarity of stepped channel flows is more complex because of the various flow regimes (nappe and skimming flow 
regime), the role of the steps in enhancing turbulent dissipation and the substantial amount of free-surface aeration 
(CHANSON 1997b). The contradicting results obtained by various stepped model studies, all supposed to be in Froude 
similitude, reflect the complexity of stepped spillway flows and the limitations of the Froude similitude. Indeed 
BaCaRa (1991,1997) described a systematic laboratory investigation of the M'Bali dam spillway. Several identical 
models were built with the geometric scales of 1/10, 1/21.3, 1/25 and 1/42.7 and all in Froude similitude. For the scales 
1/25 and 1/42.7, the experimental results showed that the developing flow properties and the flow resistance were not 
correctly reproduced. The authors' results are less subject to scale effects than most because they were performed with a 
large-size model. 
The authors' results highlight the significant air entrainment taking place above stepped spillway. Practically 
professional engineers must take into account free-surface aeration in their design. The discusser (CHANSON 1993, 
1994) argued that free-surface aeration affects the design because of flow bulking and drag reduction. The 
characteristic depth y0.9 (where C = 0.90) accounts the flow bulking caused by the air entrainment and it must be used 
as a design parameter for the height of the chute sidewalls. Drag reduction, induced by free-surface aeration, results 
from the interactions between the entrained air bubbles and the turbulence next to the invert. For smooth spillway 
chutes, it may be estimated as : 
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where Cf is the clear-water friction coefficient, (Cf)e is the air-water flow friction coefficient and C
_
 is the mean air 
concentration (e.g. CHANSON 1997a). Although there is little information on the validity of Equation (D-1) to 
stepped chutes, its use for stepped spillway design is conservative and increases the safety of the structure. 
Despite the outstanding insights of the study, the discusser wishes to point two weaknesses : an inadequate analysis of 
the air entrainment process and some limitations of the velocity probe measurements. 
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Free-surface aeration process 
Although the authors presented important results describing the free-surface aeration, their analysis (Eq. (4)-(8)) is 
inadequate and disappointing. It is based on ancient references that derived from the work of late Professor Lorenz 
STRAUB and his co-workers. The development assume an air-water flow structure with a lower region consisting of 
air bubbles distributed through a water flow and an upper flow region with a heterogeneous mixture of water droplets 
and globules ejected from the stream (STRAUB and ANDERSON 1958). In the discusser's opinion, this model does 
not reflect the physical nature of the air-water flow. Measured air concentration and velocity distributions in open 
channel flows exhibit smooth continuous functions without marked discontinuity between inner and outer flow regions. 
The air-water flow behaves as a homogeneous mixture between 0 and y0.9 (e.g. WOOD 1991, CHANSON 1997a). A 
more physical model was proposed by WOOD (1984) based upon the conservation equation for the mixture density in 
the equilibrium region. WOOD's model fits well experimental data for mean air contents between 10% and 75% 
(WOOD 1984,1985,1991) although it includes empirical constants without physical meaning (denoted G' and B' in the 
original paper). Recently the discusser proposed an new air bubble diffusion model based upon theoretical development 
that is a good agreement with model and prototype data (CHANSON 1995,1997a). 
In uniform equilibrium flows, the continuity equation for air in the air-water flow yields : 
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where Dt is the turbulent diffusivity in the direction normal to the flow direction and where (ur)Hyd is the rise velocity 
in hydrostatic pressure gradient. (Equation (D-2) implies that the bubble rise velocity in a two-phase flow mixture is a 
function of the void fraction C and rise velocity in hydrostatic pressure gradient.) The integration of Equation (D-1) 
gives : 
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where K' is an integration constant, D' = Dt/((ur)Hyd*cosθ*y0.9) and tanh(x) = (exp(+x) - exp(-x))/(exp(+x) + exp(-x)) 
(CHANSON 1995,1997a). K' is an integration constant that is deduced from the boundary condition C = 0.9 for y = 
y0.9 : 
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1
2 * D' (D-4) 
If the diffusivity is unknown, it can deduced from the mean air content : 
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Equation (D-5) was validated with smooth-invert open channel flows. It is also in good agreement with stepped 
spillway flows including the authors' work (Fig. 1). On Figure 1, the analytical solution (Eq. (D-3) is compared with 
data obtained on large models (RUFF and FRIZELL 1994, CHAMANI and RAJARATNAM) and prototype (BAKER 
1994). (For completeness: the caption of the authors' Figure 3(a) is incorrect. It should be l/h = 0.6, yc/h = 1.3 to give 
y0.9 = 99 mm.) 
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Note that Equation (D-3) describes physically the air concentration distribution as a function of two parameters only, 
namely y0.9 and C
_
 (or y0.9 and D'). It is a simplification compared to earlier models : e.g., at least 6 parameters are 
required to describe the void fraction distribution in STRAUB and ANDERSON's model. 
 
Velocity measurement in air-water flows 
Velocity measurements in air-water flows is difficult and the discusser's experience (e.g. CHANSON 1997a) suggests 
that the authors' Equation (3) cannot estimate accurately the time-averaged velocity in the upper flow region. Indeed 
classical measurement devices (e.g. pointer gauge, Prandtl-Pitot tube) give inaccurate readings in bubbly flows because 
the air bubbles and bubble interfaces interfere with the probe. 
The discusser conducted a series of comparative tests in self-aerated flows (smooth invert) using a Prandtl tube (Ø = 
3.3 mm, 1-mm stagnation hole Ø) and some dual-tip resistivity probes (Ø = 200-µm & 25-mm inner electrode) 
mounted side by side. (Note that the resistivity probe sensors were 50 and 400 times smaller than the air concentration 
probe sampling volume used by the authors.) The Prandtl tube data included the velocity and the standard deviation of 
the velocity fluctuations. The outputs of te dual-tip resistivity probes comprised the air concentration, air-water 
velocity, bubble count rate, bubble size distributions and air-water interfacial area. A comparative analysis of the 
velocity distribution data shows that the Prandtl tube data (raw data) underestimate the air-water velocity for void 
fraction larger than 0.10 to 0.20 while corrected data (Authors' Equation (3)) gives non-meaningful results in the upper 
region (C > 0.5 to 0.6) (Fig. 2). A typical example is presented in Figure 2, showing resistivity probe data (black 
square), raw Prandtl tube data (white diamond) and Prandtl tube data corrected by the authors' Equation (3) (grey 
circle) and a 1/6-th power law distribution satisfying the continuity for water. 
Air-water flow properties must be recorded by more sophisticated means than a Prandtl-Pitot tube. Earlier 
investigations used photographic techniques, gamma-ray absorption probes, and light scattering systems for example. 
Newer measurement systems were developed successfully including small resistivity probes, conical hot-film probes, 
optical probes and Fibre Phase Doppler Anemometer (FPDA). A combination of two (or more) techniques can be 
combined also. Authoritative reviews on two-phase flow measurement systems include CARTELLIER and ACHARD 
(1991), BACHALO (1994) and CHANSON (1997a). 
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NOTATION 
B' integration constant (defined by WOOD 1984); 
C = local void fraction; 
Dt turbulent diffusivity (m2/s) of air bubbles in air-water flow; 
D' dimensionless turbulent diffusivity : D' = Dt/((ur)Hyd*cosθ*y0.9) (after CHANSON 1995); 
G' integration constant (defined by WOOD 1984); 
K' dimensionless integration constant (after CHANSON 1995); 
(ur)Hyd bubble rise velocity (m/s) in hydrostatic pressure gradient; 
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Fig. 1 - Air concentration distributions in stepped chutes with skimming flow 
(A) Measurements at Brushes Clough dam spillway (BAKER 1994) - Inclined downward steps (h = 0.19 m, δ = - 5.6 
deg.), θ = 18.4 degrees 
0
0.2
0.4
0.6
0.8
1
0 0.2 0.4 0.6 0.8 1
Cmean=0.235 - Step 50
Cmean=0.178 - Step 30
Cmean=0.15 - Step 10
Cmean=0.20 - Step 73
Theory : Cmean=0.15
Theory : Cmean=0.235
y/Y90
C
BAKER (1994)
Brushes Clough dam spillway
 
 
(B) RUFF and FRIZELL (1994) : q = 2.6 m2/s, θ = 26.6 deg., inclined downward steps (h = 0.154 m) 
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Fig. 1 - Air concentration distributions in stepped chutes with skimming flow 
(C) CHAMANI and RAJARATNAM : q = 0.205 m2/s, θ = 59 deg., h = 0.125 m 
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Fig. 2 - Velocity distribution data measured with a Prandlt tube and a dual-tip resistivity data 
(A) q = 0.40 m2/s, C
_
 = 0.41, θ = 52.3 deg. 
 
 
(B) q = 0.27 m2/s, C
_
 = 0.30, θ = 52.3 deg. 
 
 
